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The tarnished plant bug, Lygus lineolaris, is an economically important polyphagous pest
with a broad host range. With occurrence of insecticide resistance, strategies to limit its ability to
reproduce, which would curb population growth, are becoming increasingly more valuable.
Strategies toward this goal include the application of insect growth regulators (IGRs) and
utilization of resistant cotton lines. This thesis summarizes experiments that elucidate the
physiological underpinnings of the mode of action of novaluron, an IGR, and a cotton
chromosome substitution (CS) line on the reproductive physiology of L. lineolaris.
Investigations reported herein indicate that novaluron inhibits oviposition by inhibiting ovarian
development and decreasing the expression of a gene (LlCHS-1) encoding chitin synthase.
Transcriptomic analysis of ovarian tissue of L. lineolaris fed on a resistant CS line compared to a
control line revealed the downregulation of genes involved in chitin synthesis and upregulation
of genes involved in chitin degradation.
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CHAPTER I
INTRODUCTION
The tarnished plant bug (TPB) was first described by Palisot de Beauvois in 1818 but Uhler
was credited with the first use of accepted species name Lygus lineolaris (Parys, 2014). TPB
exhibit incomplete metamorphosis that is typical of the true bug. Each bug begins the life cycle as
an egg, progresses through five nymphal instars, undergoes eclosion, and overwinters as an adult
with 5 to 7 generations per year. TPB is a polyphagous insect in the family Miridae with a range
of occurrences spanning from Mexico into the United States and parts of Canada (Snodgrass,
2009). TPB has a broad host range throughout this region with estimates of > 350 host plants,
while in the mid-south, it can survive on roughly 170 host plant species (Parys, 2014; Young,
1986). Hosts include wild plants and agronomic crops such as cotton (Gossypium hirsutum). The
adoption of genetically modified cotton incorporating a Bacillus thuringiensis toxin directed
against lepidopteran pests reducing the number of insecticide applications required for adequate
control. The reduction in insecticide applications allowed for TPB becoming a major economic
pest of the cotton crop (Zhu et. al., 2007).
TPB feeding cause economic harm by inducing organ abscission, reducing growth,
deforming developing fruits, and triggering necrosis at the feeding site on plants. TPB also
shortens the internode length, causes apical termination, development of secondary terminals
(crazy cotton), anther necrosis, square abscission, yellowish staining of the anthers (dirty square),
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and complete cellular dissolution of the floral structure (Hanny et. al., 1977; Layton, 2000;
Showmaker et al., 2016; Strong, 1970; Williams et. al., 1987; Williams & Tugwell, 2000).
The economic impact of TPB in Mississippi has been well documented over the last
decade. From 2010 to 2020, the average number of acres infested was 490,680 ± 133,064 acres
out of 498,182 ± 131,478 acres (mean ± SD). This resulted in an average of 4.3 ± 1.1 insecticide
applications and a cost per acre of $46.39 ± 16.93 with 71,136 ± 31,396 bales lost (mean ± SD).
Trends over the decade indicates that more acres are becoming infested, which results in higher
yield losses. Over the past few years, fewer insecticides have been used lowering the overall cost
per acre (Mississippi State University, 2010, 2011, 2020, 2012, 2013, 2014, 2015, 2016, 2017,
2018, 2019).
1.1

Reproductive strategy
TPB oviposits into plant tissue, and eggs typically hatch within five to seven days

depending on the ambient environmental conditions. The oviposited eggs are roughly 270-300 µm
wide and 950-1000 µm long (Ma, et. al., 2002; Cooper & Spurgeon, 2012). Female TPB oviposits
approximately six to seven eggs per day (Catchot et al., 2021). TPB has developed a reproductive
strategy that is known as stylet probing (Cooper & Spurgeon, 2011; Cooper & Spurgeon, 2012).
During stylet probing, the gravid insect “probes” or inserts the stylet into the plant tissue, and there
is some evidence to suggest that saliva and extra-oral digestive components are released (Cooper
& Spurgeon, 2012). This style of ovipositing is thought to occur as a means of locating, marking,
or softening the oviposition site (Cooper & Spurgeon, 2012). Typically, TPB females will oviposit
on the reproductive structures of cotton, such as cotton floral buds, and the egg is positioned in a
manner that only allows for the operculum to be visible.
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Cooper and Spurgeon (2012) have outlined the developmental time of the TPB egg. They
reported that after approximately 3.5 days from oviposition the operculum begins to extend and
separate from the chorion. In conjunction, at approximately 3.7 days post oviposition, katatrepsis
occurs followed by tagmosis at 4.1 days post oviposition. Red pigmentation of the eyes and distal
antennal segments occurs at approximately 5 to 5.3 days however there is some debate as to which
occurs first. Legs, antennae, and proboscis darkened at approximately 7.6 days post oviposition.
These changes likely indicate apolysis of the second embryonic cuticle. At 7.5 days the embryo
migrates so that the red eyespots became visible above the oviposition substrate. Subsequent to
this step, ecdysis of the second embryonic cuticle occurs and the first instar nymph emerges out
(Cooper & Spurgeon, 2012).
1.2

Insecticide application for control of TPB
In 2006 it was estimated that 95% of the cotton in the Mississippi delta was infested with

these pests, which resulted in the need for > 3 insecticide applications for adequate control
(Snodgrass et. al. 2009). More recently, it was estimated that in Mississippi about 100% of cotton
acres were infested with Lygus insects.
Economic thresholds vary by time and location; however, sampling of TPB populations in
fields typically occurs with a sweep net before peak bloom or squaring period, and a drop-cloth is
used after this period (George et. al., 2021). Beyond these direct estimates of the pest population,
measurements of square abscission, numbers of healthy cotton squares, and square retention can
be utilized to estimate impacts of TPB (George et. al., 2021). TPB damages cotton throughout the
growing season but is typically only economically important from the first square through early
bloom because this is when square abscission is most common (George et. al., 2021). Currently,
the threshold for pre-bloom cotton is 8 TPB per hundred sweeps while the threshold during the
3

flowering stage is 15 TPB per hundred sweeps. For drop-cloth sampling in the flowering stage,
the threshold is 3 bugs per 1.5-row meter. Significant economic damage is likely to occur if the
percentage of square retention falls below 70-85% (George et. al. , 2021).
Once these thresholds are reached or exceeded, control of TPB populations is needed to
avoid economic loss. The most common method of control is utilization of insecticides. For
example, an average of 3.4 insecticide applications were used recently in Mississippi to control
Lygus insects (Mississippi State University, 2020). Seven of the thirty-two IRAC-classified
insecticide modes of action (MOA) were recommended to control TPB in 2021 (George et al.,
2021).
Farmers remain dependent on insecticides to control these insects, but insecticide
resistance has become prevalent in various populations of TPB (Zhu et al., 2007). Some resistant
populations of TPB showed an up-regulation of the detoxifying enzymes cytochrome P450 and a
mutation of a cytochrome P450 gene. This combination likely represents enhanced metabolic
detoxification of insecticides within TPB (Y. C. Zhu & Snodgrass, 2003). Resistance to
organophosphates (OP) was also discovered in two populations of TPB that had been subjected to
malathion during field trials. A 5.1-fold increase of esterase was noticed in resistant populations
compared to susceptible lines, which indicates that the esterase gene was likely related to the
insecticide resistance (Zhu et. al., 2004). However, the researchers showed that insecticide
resistance in this case study was not derived through mutations of the gene but occurred only by
up-regulation of esterase activity. Although organophosphates had been effective choices for
control of TPB, development of OP resistance in TPB populations needed further study to help
develop new control strategies. In addition to cytochrome P450 up-regulation/modification and
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esterase up-regulation, a 1.3-fold increase in glutathione S-transferase gene expression was
observed in some OP resistant TPB populations (Zhu et al., 2007).
These changes in metabolic detoxification of OPs by TPB led to a monitoring program and
ultimately recommendations to change the insecticide MOA by using insecticides that do not
inhibit acetylcholinesterase activity, which is the MOA for organophosphates and carbamates. The
monitoring program used a glass vial bioassay with a discriminant dose to identify OP-resistant
TPB populations. Over a four-year period that was characterized by frequent use of acephate to
control TPB, only one population showed insecticide resistance. Within a relatively short time, six
populations of TPB in the Mississippi delta showed signs of insecticide resistance, while another
four of ten TPB populations that were screened from the hill country of Mississippi exhibit
insecticide resistance. By 2006, five of ten populations in the hills showed resistance to acephate
and eighteen of the twenty populations in the delta showed signs of insecticide resistance. This
monitoring program also illustrated that these populations had multiple resistance spanning a wide
range of insecticide classes (e.g permethrin, acephate, malathion, oxamyl, and dicrotophos)
(Snodgrass et. al., 2009).
1.2.1

Insect growth regulators
Biorational insecticides are different from traditional insecticides because they are

generally composed of natural products like animals, plants, microbes, minerals, or their
derivatives (Haddi et al., 2020). Biorational insecticides have better selective toxicity compared to
older insecticide classes, and they are designed to target pest species and not natural enemies and
beneficial insects (Cutler & Scott-Dupree, 2007). Insect growth regulators (IGRs) are various
compounds that interfere with insect development, and these chemicals are included beneath the
umbrella of biorational insecticides. IGRs include compounds that mimic the actions of key
5

hormones that control insect metamorphosis and molting compounds that interfere with chitin
synthesis and cuticle development. There are several categories of IGRs, IGRs related to hormones
controlling insect development include juvenile hormone agonists (Kinoprene series of anologs,
fenoxycarb, and pyriproxyfen), ecdysone antagonists (azadirachtin), and ecdysone agonists
(diacylhydrazines). Chitin is an integral structural component of insect cuticle exoskeleton,
peritrophic matrix of the midgut, and a component of oocytes, eggs, and ovaries in some insects
(Liu et al., 2019). Chitin synthesis inhibitors are chemicals that inhibit chitin synthesis either by
targeting chitin synthetase or the polymerization step (Graf, 1993). IGRs that inhibit chitin
synthesis include buprofezin and benzoylureas.
1.2.1.1

Benzoylphenyl ureas
In 2007 an insecticide called novaluron was developed from the insecticide class of

benzoylphenyl ureas (Cutler & Scott-Dupree, 2007). Benzoylphenyl ureas is a class of pesticides
that dates to the 1970s. This insecticide class has favorable environmental properties because it is
non-persistent in soils with low biological magnification. Furthermore, it has a long residual
activity due to the stability (i.e., half-life of approximately six months in agricultural soils), while
also having low toxicity to vertebrates that do not utilize the chitin biosynthesis pathway. The
specific mechanism of chitin synthesis inhibition caused by novaluron is not fully understood.
Benzoylphenyl ureas are reversible inhibitors of chitin synthesis originally theorized to block
chitin synthetase (Verloop & Ferrell, 1977). Novaluron (GR-572, MCW-275, SB-7242;
commercial trademarks: Rimon

TM

, Diamond

TM

, Pedestal

TM

) had been developed by Isagro

S.p.A.and sold to Machtesim Chemical Works Ltd. (now Machtesim Agan[“Magam”] Industries).
It acts by both ingestion and contact.
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Novaluron has been registered as an insecticide in many countries. Novaluron has the same
general mechanism and effects caused by other benzoylphenyl ureas. Quite often the
symptomology of these chitin synthesis inhibitors manifests during molting in juvenile insects
when chitin is being synthesized and degraded. These insecticides disrupt chitin synthesis which
compromises the integrity of the endocuticle and results in a disruption of ecdysis and death in the
juvenile stages (Grosscurt, 1978; Verloop & Ferrell, 1977). It was hypothesized that the target of
diflubenzuron was possibly the sulfonylurea receptor (SUR) (Matsumura, 2010). There was some
evidence to support the claim based on studies conducted with a sulfonylurea, glibenclamide,
which disrupts chitin synthesis in similar manner as diflubenzuron, a prototype chemical for the
benzoylurea type insecticides (Matsumura, 2010). However, although evidence supported a
similarity in mode of action between the two compounds, it was still not clear on the relationship
between SUR and chitin synthesis (Matsumura, 2010). There are other possible proteins that may
also play a role in disrupting chitin structures like lectins, proteases, and chitinases.
Chitinases target chitin in nearly any location within insects, but proteins like lectins and
proteases target chitin primarily within the peritrophic membrane (Liu et al., 2019). The oral LC50
values of novaluron in TPB ranged from 15.21 µg per 200 ml diet (RR50 = 2.19) to 10.26 µg per
200 ml diet (RR50 = 1.49) in Mississippi (Parys et. al., 2016). Novaluron had mixed effects when
applied to the Colorado potato beetle (Leptinotarsa decemlineata). The beetles experienced a
decreased overall chitin concentration, but the chitin concentration in the midgut was not affected
(Xu et al., 2017). It was also reported that the uridine diphosphate-N-acetylglucosaminepyrophosphorylase gene (LdUAP1) was suppressed following ingestion of novaluron while chitin
synthase Aa (LdChSAa) was activated. The gene and protein have important roles in chitin
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biosynthesis. Novaluron was shown to inhibit chitin biosynthesis in the fourth-instar larvae, disrupt
ecdysis and adult emergence, and cause death in early life stages (Xu et al., 2017).
Effects of novaluron on the palm weevil (Rhynchophorus ferrugineus) were also
investigated (Hussain et. al., 2019). There was a large increase in the expression of endochitinaselike enzyme activity, particularly in the midguts of these insects. Similarly, chitinase was highly
expressed after exposure suggesting these enzymes play a major role in chitin degradation. The
expression of these genes was not only dose-dependent but also time-dependent (Hussain et. al.,
2019). While novaluron is a valuable insecticide for its ability to have a longer periods of control
of the target pest compared to other chemicals, longer residuals of insecticides often fosters greater
exposure of pest populations to the toxicant that hastens development of insecticide resistance
(George et al., 2021).
1.3

Plant resistance mechanisms to insect herbivory and reproduction
Plants have co-evolved with insects in a manner that is often called an evolutionary “arms

race.” Due to insect herbivory, plants have developed complex defense systems in accordance with
insect pressure. This is only one aspect of plant-insect interaction, there is also insect reproduction
the plant must contend with. Although there are various defense systems that plants employ, many
of these systems act similarly. Plant structural traits serve as the first line of defense to herbivory
and oviposition, which may include characteristics like thorns, wax layers, trichomes, etc. (War et
al., 2012). Intracellular wound signaling is another typical plant defense in response to insect
herbivory. Three key examples include the jasmonate pathway, salicylic acid, and ethylene. Plants
have other strategies that deter and inhibit herbivory with compounds such as alkaloids, phenolics,
lectins, proteinase inhibitors, and chitinases (Fürstenberg-Hägg et. al., 2013). Since plants serve as
oviposition sites for insects, the actual oviposition by pest insects can induce defensive response
8

pathways that produce semiochemicals. For example, Scots pine, Pinus sylvestris, release of (E)β-Farnesene in response to oviposition by pine sawfly (Diprion pini) and the chemical attracts
parasitoids that will seek out the pest insect’s egg in which to lay their own eggs. Egg deposition
has also induced necrotic zones, production of hydrogen peroxide, and changes in plant odor for
larval parasitoids (Hilker & Meiners, 2011).
1.3.1

Chitinases in plant defense against insects
Chitinases have been long recognized as components of plant defense systems used to

combat insect herbivory. A chitinase isolated from cowpea (Vigna unguiculata), was shown to
negatively impact the development of the larval cowpea weevil, Callosobruchus maculatus
(Gomes et. al., 1996). Overexpression of chitinase genes in plants led to reduction of insect growth
and plant damage from the tobacco budworm, Heliothis virescens (Ding et al., 1998).
Endochitinases and chitobiosidases reduced growth and development of larval Trichoplusia ni,
and reduced survivability in Myzus persicae, Bemisia argentifolii, and Hypothenemus hampai.
Endochitinases caused dramatically reduced longevity in Bemisia argentifolii (Broadway et al.,
1998). Roots with high induced chitinase activity were more resistant to insect herbivory from the
root weevil, Diaprepes abbreviatus. Extracts from the roots were shown to degrade the peritrophic
membrane and roots with stronger resistance had more degradation of the peritrophic membrane
(Gooday, 1999).
Plant chitinases can also delay the development of insects in the larval stage. For example,
win6 plant chitinase hindered normal metamorphosis of the colorado potato beetle, Leptinotarsa
decemlineata (Lawrence & Novak, 2006). Poplar leaves express not only win6 but also win8 as
defensive mechanisms against insect herbivory (Philippe & Bohlmann, 2007).
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The use of transgenic crops overexpressing chitinases has been a proven method of host
plant resistance against insect herbivory (Fürstenberg-Hägg et al., 2013). For example, Corn borer,
Sesamia cretica, reared on transgenic maize with high chitinase levels had low survivability and
noticeable morphological aberrations in the insects. The resistance to insect herbivory is caused
by the capacity to degrade the linear polymer of chitin with β-1,4-linked N-acetylglucosamines, a
vital part of insect cuticle as well as the peritrophic membrane (Osman et al., 2015). Chitinase was
shown to be included in the seed coat of soybeans, and it was toxic to the cow pea seed beetle,
Callosobruchus maculatus. The seed coat chitinase reduced larvae survival by approximately 77%.
The chitinase in the seed coat is theorized to damage the peritrophic matrix following ingestion;
however, the exact mechanism of action is not fully understood (Silva et al., 2018). Other
experimental evidence for the role of plant chitinases comes from gene expression studies in which
expression profiles were analyzed from plants after exposure to herbivory. RNA-seq was
conducted on eight poplar clones after insect herbivory, and overall gene expression overall was
up-regulated. In particular, plant-specific class I chitinases were up-regulated as the primary basis
of a defensive mechanism against the insects (Müller et. al., 2019). Therefore, host plant resistance
utilizing overexpression of chitinases or incorporation of chitinases into transgenic crops remain a
potent pest management strategy.
1.3.2

Plants and their effects on insect fecundity
Host plant quality plays an important role in the fecundity of herbivorous insects. Host

plant quality is described by key components like, nitrogen and carbon levels, trace elements,
defensive compounds, etc., that affect the performance of the herbivorous insect (Awmack &
Leather, 2002). Many gravid insects modify their oviposition behavior in response to poor hostplant quality. These insects may reduce the number of eggs laid to improve resource utilization by
10

fewer offspring on a poor host, or they can adjust the size and/or nutritional content of the eggs
that are laid. Larger eggs are thought to provide larger larva giving an advantage on poorer hosts
( Awmack & Leather, 2002, Hilker & Meiners, 2011). Insects manipulate the quality of eggs by
increasing vitellogenin quantity in each egg in response to low nutrient availability (e.g. low
nitrogen) (Awmack & Leather, 2002). In cases where host-plant quality is severely poor and
impacting adult insect survivability, the insects reabsorb eggs recover key nutrients for survival
while they search for a more suitable host plant (Awmack & Leather, 2002). Some male insects
offer nuptial gifts to females prior to copulation. Poor host-plant quality may lead to inferior gifts.
Nuptial gifts increase fecundity by providing needed nutrients to the female (Awmack & Leather,
2002).
Plants impact the behavior of mating in a variety of ways. Male insects are more selective
in mating when plants are poorer in quality while females become more selective when plants are
of higher quality (Awmack & Leather, 2002). Plant chemistry influences mating as well through
secondary metabolites that are precursors for the biosynthesis of sex pheromones involved in
successful mating. Beyond secondary metabolites, the fatty acid pattern of the plant can determine
the cuticular hydrocarbons that can serve as mate recognition cues (Hilker & Meiners, 2011). Plant
volatiles may also impact the receiver of the pheromone signaling, improving the attractiveness of
insect sex pheromones (Hilker & Meiners, 2011).
Gravid insects’ ovipositional choices are not driven solely by the host-plant quality. Plant
volatiles released can serve as an attractant or repellant. Plants in need of pollination may release
plant volatiles that attract a specific pollinator, such as certain solanaceous plants attracting the
nocturnal hawkmoth Manduca sexta L., but then reduce their attractiveness upon larval feeding
(Hilker & Meiners, 2011). The plant allows for some feeding to achieve pollination. Gravid insects
11

have adapted to avoid feeding on plants that express induced plant volatiles from feeding. This
prevents competition for them and their offspring (Hilker & Meiners, 2011). The chemical
composition of leaf boundaries also impacts where a gravid insect decides to lay her eggs. Relative
humidity, oxygen concentration, as well as other chemical markers in the air space above the leaf
boundary layer provide cues of plant quality used by an insect to make ovipositional site choices
(Hilker & Meiners, 2011).
Once the egg is deposited the plant has many tools it could utilize for defense. The humidity
and gas concentrations can negatively affect egg development. For example, lower humidity from
dry air may lead to egg desiccation while high concentrations of plant volatiles like terpenes, which
have been utilized as insecticides, could enter the eggs and negatively impact the embryo inside
(Hilker & Meiners, 2011). The plant may even form a necrotic zone increasing the temperature of
the surrounding area and decreasing the humidity. The result is an increase in the metabolic rate
of the embryo insects and an increase in dessication of the eggs (Hilker & Meiners, 2011).
Plants also utilize egg and larvae parasitoids as a form of defense against egg deposition
and larval feeding. Although minor, TPB is susceptible to egg and larval parasitoids such as
Anaphes iole, Anaphes ovijentatus, and Peristenus digoneutis (Day et. al., 2008; Jackson &
Graham, 1983; Williams et. al., 2003). Oviposition-induced plant volatiles, like terpenoids, play a
role in egg parasitoid attraction (Hilker & Meiners, 2011). Salicylic acid can accumulate at egg
deposition sites, and this response coupled with jasmonic acid-mediate plant responses to insect
eggs. Transcriptional changes are also associated with egg deposition. Up-regulation of genes
encoding enzymes involved with isoflavone phytoalexin biosynthesis and nodule formation has
been reported after egg deposition of bruchid beetles (Hilker & Meiners, 2011). Genes involved
in several metabolic processes and cell wall metabolism are induced by egg deposition (Hilker &
12

Meiners, 2011). In another example, insect egg deposition was associated with changes in three
genes encoding proteins like pathogenesis related protein PR1, trypsin inhibitor, and chitinase.
PR1 was highly expressed in the vicinity of egg deposition while trypsin inhibitor and chitinase
were highly expressed at the site of egg deposition (Hilker & Meiners, 2011).
In the effort to control the TPB, host plant resistance is a more cost-effective method when
compared to the usage of insecticide applications. The wild tetraploid cotton species can be used
to obtain novel genes that have developed due in response to natural pressures during evolution.
Many of these possibly useful genes are not used or are under-utilized in various programs.
A more specific example pertaining to the TPB can be seen in cases like extrafloral
nectariless traits which led to resistance to TPB (Bailey et. al., 1984). Cotton breeders hope to
achieve resistance to insects using these traits and typically rely on whole-genome strategies.
However, there are other strategies such as chromosome substitution (CS) that could be utilized.
There have been chromosome substitution lines created from G. tomentosum, G. mustellinum, and
G. barbadense with the identical genetic background of upland cotton. It was reported that the CS
lines could reveal beneficial alleles from the wild species that could be used to improve upland
cotton (Saha et al., 2012). Since many of the substitution lines were developed from wild species
with diverse phenotypes and different selection pressures, it yields a unique opportunity to uncover
genes associated with cellular and molecular susceptibility or resistance. To establish on a host
plant, an insect must be able to successfully feed and reproduce effectively. Therefore, it is of high
importance to better understand the complex interface of plant-insect interactions to devise
strategies for effective control of TPB.
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1.4

Hypothesis and Objectives

The following null hypotheses (H0) were formulated to investigate the effect of novaluron and host
plant on TPB reproductive physiology:
H01: There will be no statistically significant effect of novaluron on oviposition, ovarian
development and maturation, or chitin content in the carcass and ovarian tissue.
The alternative hypothesis is that there would be statistical differences in all the parameters
enumerated above in TPB exposed to novaluron.
H02: There will be no statistically significant effect on TPB when fed on substitution lines of cotton
in parameters related to reproductive physiology.
In order to test these hypotheses, the following objectives were targeted:
1. Conduct a dose-response study of novaluron to evaluate its impact on inhibition of
oviposition.
2. Evaluate the impact of novaluron (EC50) on oviposition using reciprocal treatments
(males vs females).
3. Histologically demonstrate the effect of novaluron on ovarian development.
4. Assess the impact on novaluron on chitin content in carcass vs ovarian tissue.
5. Investigate the impact on novaluron on the expression of a gene involved in chitin
synthesis (LlCHS-1).
6. Conduct a transcriptomic analysis of ovarian tissue of L. lineolaris feeding on a resistant
substitution line of cotton vs a control variety.
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CHAPTER II
EFFECT OF AN INSECT GROWTH REGULATOR, NOVALURON, ON THE
REPRODUCTIVE PHYSIOLOGY OF THE TARNISHED PLANT
BUG LYGUS LINEOLARIS
2.1

Introduction
Lygus lineolaris (Palisot de Beauvois), commonly known as the tarnished plant bug (TPB),

is the most widely distributed Lygus species in North America and can be found in all agricultural
regions of the continent (Layton, 2000). TPB is a highly polyphagous sap feeder with over 300
documented hosts (Snodgrass et. al., 1984; Young, 1986). Although TPB has a preference for
broadleaf flowering weeds (i.e., forbs), this species can also be found on a variety of other hosts
within various landscapes including row and forage crops, orchards, vineyards, nurseries, margins
of forests, old fields, roads, and waterways (Fleischer & Gaylor, 1988; G. L. Snodgrass et al.,
1984; Young, 1986). TPB has been a devastating pest in cotton systems in the mid-southern U.S.
(e.g., Mississippi Delta) for the past several decades (Layton, 2000). TPB infestations (adults and
nymphs) contribute to substantial economic loss in cotton by feeding on plant terminals, squares,
flowers, and small bolls, and piercing the plant tissue with stylets leads to fruit abscission, lower
lint quality, and delay in fruit maturity (Hanny et. al., 1977; Layton, 2000; Tugwell et. al., 1976).
Historically, TPB was a secondary pest in cotton, and it was mostly controlled by foliar
insecticides targeting lepidopteran and coleopteran pests (Musser et al., 2007; Williams, 1997).
TPB has emerged as a major pest in cotton due to reduced insecticide applications following the
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introduction of Bt (Bacillus thuringiensis) cotton in 1996 and the successful Boll Weevil
Eradication Program (F. Musser et al., 2007). Furthermore, TPB has developed resistance to a
wide variety of insecticide classes (i.e., pyrethroids, organophosphates, carbamates, and
cyclodienes) that act through different modes of action, which complicates pest management in
cotton that relies almost exclusively on chemical control with foliar insecticides (Snodgrass, 1996;
Snodgrass et. al., 2009; Snodgrass et. al, 2008). Annual cotton losses and increased management
effort associated with Lygus pests cost growers hundreds of millions of dollars each year
throughout the United States (M. . Williams, 2016). Integrated pest management practices coupled
with the utilization of Insect Growth Regulators (IGRs) have been recommended as a means to
control TPB outbreaks (George et. al., 2021). One of the insecticides currently used for TPB
management is novaluron, an insect growth regulator that disrupts chitin synthesis, a mode of
action typical of benzoylphenyl ureas (Retnakaran et. al., 1985). This chemistry is active on
immature stages of wide range of insect orders including Lepidoptera, Coleoptera, Diptera, and
Hemiptera (Ishaaya et. al., 1996). The benzoylphenyl ureas are thought to interrupt the transport
of certain proteins required for chitin synthesis (Oberlander & Silhacek, 1998). In susceptible
insects, the endocuticle is compromised after exposure to novaluron, leading to disruption of
ecdysis and eventual mortality in the immature stages. Previous studies had demonstrated that
novaluron ingestion or contact exposure leads to inhibited oviposition and hatching (Catchot et al.,
2020; Catchot et al., 2021). In this study the precise mode of action of novaluron on reproductive
physiology was investigated using a dose-response assay that monitored oviposition from females
that were exposed to varying doses of novaluron. Additionally, effects of a sub-lethal dose of the
insecticide on the female reproductive tract when compared among (1) treated females mated to
untreated males, (2) treated females mated to treated males, (3) untreated females mated to treated
21

males and (4) untreated females mated to untreated males. The effect of novaluron on the
reproductive tissue of females was documented histologically and by quantifying the chitin content
in the reproductive tissues compared to the overall carcass. Expression of a chitin synthase gene
(LlChs-1) in ovarian tissue following novaluron treatment was also investigated.
2.2
2.2.1

Materials and methods
Insects and maintenance
A laboratory colony of TPB was established in 2005 at the Mississippi State University

Insect Rearing Facility in Starkville, MS. The colony was collected from uncultivated hosts in
Mississippi and has had periodic infusions of TPB from similar hosts. The colony was maintained
as described by Musser et. al. (2012) at 27°C and 70% relative humidity with a 16:8 (L: D) cycle.
The light-dark cycle was changed to 14:10 (L:D) in 2017. The colony was fed a semisolid oligidic
diet (Cohen, 2000) that included 33.6 ppm fumagillin (F. R. Musser et al., 2012). The artificial
diet was presented in Parafilm (Pechiney Plastic Packaging, Menasha, WI) packets that were
replaced three times per week. Oviposition sites were offered as packets made with a 4%
carrageenan solution in a Parafilm packet and these were changed three times per week.
2.2.2

Dose-response studies
The effects of novaluron on oviposition in TPB was measured using a dose-response assay

for egg production from treated females that were caged within an incubator. Groups of 15 freshly
emerged (1-day old) adult female TPBs were exposed for 48 hrs. to a single dose from a range of
novaluron concentrations (0, 12.5, 25, 50, 100, 150, 300, and 600 ppm). Females from each dosereplicate were housed in a rigid square plastic Ziploc container with a total volume of 591 ml
(dimensions: 10-cm L × 10-cm W × 5.91-cm H; S.C. Johnson & Son). The top of the container
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was modified by cutting an removing 50 cm2 from the center. This hole was then covered with a
mesh screen to allow airflow and prevent the insects from escaping. Each treated group of bugs
fed on a diet pack containing a specific concentration of insecticide (novaluron), while control
units consisted of 15 TPB females that fed upon standard diet packets that contained no insecticide.
Following the insecticide exposure period, each group of females was transferred to
another identical cage that served as a mating arena. Each cohort was given 15 1-day-old males,
diet packets contained no insecticides, and the oviposition packet. The total number of eggs laid
from each cohort was recorded through the next 7 days. Each treatment was replicated three times.
Inhibition of egg laying for each insecticide-treated group was calculated by estimating the
percentage in reduction of total eggs laid (Y) = [(avg. total eggs of treated group) ÷ (avg. total eggs
for untreated controls)] × 100%. A minimal threshold level of egg production in control groups
was set to a value > 200 eggs. The EC50 of novaluron on TPB oviposition was calculated using
Probit analysis for Y versus the various concentrations of novaluron. Mortality of adult TPB was
extremely low throughout the study (<1).
2.2.3

Reciprocal exposure treatment and egg laying
Freshly eclosed males or females were exposed to EC50 40.4 ppm of novaluron for a period

of 48 hrs and mated with non-treated insects of the opposite sex and egg laying observed over a
period of 7 days post-treatment. In parallel, freshly eclosed males and females were also exposed
to EC50 novaluron, and the effect on egg laying was observed, parallel controls were untreated
males and females. When both males and females were untreated the average number of eggs laid
per female per day was 6.1 ± 0.6 (Figure 2.2). Interestingly there was very low egg-laying (0.007
± 0.01) was observed when only males were treated and mated with untreated females (Figure
2.2). No significant difference was recorded between egg-laying of untreated males mated with
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treated females (1.1 ± 0.04) compared to egg-laying by treated males and females (0.26 ± 0.46).
Thus, treatment (either male or female or both) resulted in significantly (p<0.05) reduced egglaying compared to untreated groups (Figure 2.2).
2.2.4

Histology of ovarian tissue
The ovaries of untreated and novaluron-treated female TPB were compared histologically

to see if the chitin synthesis inhibitor caused noticeable morphological changes within 48 hours of
initial exposure. Freshly emerged female TPB were either exposed to feeding packets containing
the EC50 dose of novaluron for 48 hrs., or they were only given feeding packets without insecticide.
After the 2-day period, each insect was anesthetized on ice and dissected in cold 0.65% NaCl to
remove the ovaries. A total of 45 insects were sampled for each treatment group (3 replicates; 15
insects per replicate). Dissected ovarian tissues were fixed in 4% paraformaldehyde, embedded in
HistoGelTM (Thermo Scientific, Waltham, MA, USA), and processed overnight in an Excelsior
ES Tissue Processor (Thermo Scientific) with alcohol, xylene, and paraffin. Paraffin-embedded
tissue sections (4 μm) were stained with hematoxylin–eosin. Images were acquired using a Zeiss
Axio Observer Z1 Inverted Microscope (×20, scale bar = 50 μm; Carl Zeiss Microscopy LLC,
Thornwood, NY, USA).
2.2.5

Estimation of chitin content in ovarian tissue and carcass
Chitin content of wholes carcasses and ovaries were compared between untreated and

novaluron-treated female TPB. Newly emerged adult females were aged for 24 hours before
beginning the experiment. Each group of 1-day-old females was fed either packets containing the
EC50 dose of novaluron or untreated packets without insecticide. A total of 30 insects were sampled
(2 replicates; 15 insects per replicated).
24

Chitin was quantified using a spectrophotometric method described previously by Catchot
et. al. (2020). Chitin from the tissues was first deacetylated by strong base to form chitosan, and
chitosan was subsequently depolymerized with nitrous acid to form hexosamines that were
subsequently deaminated to produce 2,5-anhydrohexoses. The 2,5-anhdrohexoses are aldehydes
that reacted with MBTH (3-methyl-2-benzothiazolone hydrazone hydrochloride) in the presence
of Fe3+ to form a blue-colored formazan complex, which is monitored with OD at 650 nm.
Absorbance at this wavelength had a strong linear correlation with standards of glucosamine of
varying concentration in the range of ().
2.2.5.1

Deacetylation of chitin to form chitosan
Whole carcasses or dissected ovaries from 15 insects within each treatment group were

homogenized separately in liquid nitrogen and suspended in deionized water. The suspension was
centrifuged at 21,000 g for 5 min at 4 °C, and the pellet was resuspended in 3% (v/v) sodium
dodecyl sulphate (SDS) and incubated at 100 °C for 15 min. Samples were centrifuged again at
21,000 g for 5 min at 4 °C, and pellets were washed with deionized water and resuspended in 2.1
M KOH with heat treatment at 130 °C for 1 h. Ethanol (75%) was added to the suspension (2.5 ×
volume of original suspension), and the mixture was kept on ice for 15 min. To this mixture was
added 60 μl of Celite 545 (Millipore Sigma #22140) suspension (supernatant of 1 g of suspension
in 12.5 ml of 75% ethanol). Samples were centrifuged at 15,000 g for 10 min, and pellets were
washed with 40% ethanol and then with deionized water. The final pellet (insoluble chitosan) was
frozen and stored at −20 °C until the colorimetric assay was performed.
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2.2.5.2

Depolymerization of chitosan deamination and spectrophotometry
The pellet was resuspended in 100 μl of deionized water to which 100 μl of 5% NaNO2

and 100 μl of 5% KHSO4 were added, and the mixture was incubated at room temperature (RT)
for 15 min. Parallel controls were run with just deionized water instead of sample pellets. Samples
were vortexed and centrifuged at 1,500 g for 5 min at 4 °C. Two parallel replicates of 150 μl each
were combined separately with 1/3 volume of 12.5% ammonium sulfamate and 1/3 volume of
freshly prepared 12.5% 3-methyl-benzo-2-thiazolone (MBTH) (Millipore Sigma #129739).
Samples were vortexed and incubated at 100 °C for 5 min. Following cooling to RT, 50 μl of
0.83% FeCl3.6H2O was added to the samples, and they were vortexed and incubated at RT for 25
min. Aliquots of 200 μl were transferred to 96-well microplates and absorbance at 650 nm was
measured in a Biotek Synergy H1M UV–visible microplate reader. Chitin amount was expressed
in glucosamine units according to a standard curve obtained with commercial D-(+) glucosamine
hydrochloride (Millipore Sigma #G4875).
2.2.6

Quantitative real-time polymerase chain reaction (q-RT-PCR) of chitin synthase
(LlCHS-1) in ovarian tissue
To identify a putative chitin synthase in TPB, the orthologous amino acid sequences of

other insects were searched in NCBI (Acyrthosiphon pisum, Aedes aegypti, Anopheles gambiae,
Apis florea, Apis mellifera, Bombus impatiens, and Bombus terrestris, Drosophila melanogaster,
Drosophila pseudoobscura, Lygus hesperus) using BLAST methods. Gene specific primers were
designed

using

Subsequently,

the

PrimerBlast

qRT-PCR

primers

tool
were

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
designed

using

RealTime

qPCR

Assay

(https://www.idtdna.com/primerquest/Home/Index). Total RNA was extracted from ovarian tissue
of treated (novaluron at EC50) and untreated 1-day-old females at 48 hrs post-exposure (15 insects
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pooled per sample in 3 replicates) using Tri Reagent (Sigma, St. Louis, MO, USA). The samples
were treated with Takara Recombinant DNase I (Clontech Laboratories Inc., Mountain View, CA,
USA). Synthesis of cDNA was achieved with the iScript cDNA synthesis kit (BioRad, Hercules,
CA, USA). Quantitative real-time PCR (qRT-PCR) was performed for most samples with the
Eppendorf realplex2 Mastercycler (Eppendorf, USA), but with certain replicates an Applied
Biosystems QuantStudio3 qRT-PCR instrument (Thermo-Fisher, USA) was used. The following
thermal cycling conditions were used: 95°C for 10 min then perform 45 cycles at 95°C for 15 s,
59°C for 20 s, and 72°C for 30 s, with a dissociation curve step running at 95°C for 15 s then 60°C
for 15 s, and then ramped for 20 min up to 95°C and hold for 15 s. Every reaction contained Power
SYBR Green (Applied Biosystems), 10 ng cDNA, and 400 nM primers. The primers used for
LlCHS-1 was F 5’ AAA CAG CAT GGC GGG TTA AGT-3’ R 5’TCT TCC GTA GAA AGG
GAC TCA3’ and the housekeeping gene rpl6 was F 5’TGC TGG CCG GTC TTC ACA AAG G
3’ R: 5’AGG TGG CGA TGA CGA AGT TGG G 3’. The primers were checked for their
efficiency using 10(–1/slope) – 1 and we obtained slopes between –3.23 and –3.18 (92–94%
efficiency). The output of the qRT-PCR was on the log scale and corrected for drift with the
threshold being set at 500 nm. Data were analyzed using the 2-ΔΔCT method (Livak & Schmittgen,
2001) with mRNA levels normalized to the housekeeping gene rpl6 since amplification efficiency
for this gene was 94% and its expression did not change with experimental conditions. Fold change
in treated samples was calculated setting the control untreated expression levels as 1.
2.2.7

Statistical treatment of data
Dose-response data of novaluron on egg-laying was subjected to Probit analysis wherein

average egg laying in untreated parallel controls was taken as 0% inhibition and in concentrations
where no egg laying was observed as 100% inhibition. All intermediate concentrations where egg27

laying was observed was calculated as % of inhibition relative to average untreated control egglaying. Data were plotted as % inhibition vs concentration of novaluron (in ppm). EC50 with 95%
fiducial limits of novaluron was calculated using Probit analysis. Data on egg-laying following
reciprocal or dual treatment of males and/ or females were subjected to One-Way ANOVA with
Kruskal-Wallis post-test. For chitin content estimation and gene expression analysis, the obtained
data were subjected to an unpaired t-test with Welch’s correction.
2.3
2.3.1

Results
Dose-response study
Adult females (1-day old) were exposed to a range of concentrations of novaluron and its

effect on egg laying (oviposition) was recorded over a period of 7 days. Total egg production for
each treatment group was converted to percentage of egg inhibition by dividing each group
average by the average egg production for controls and multiplying by 100%. The EC50 of
novaluron on egg production was estimated to be 40.4 ± 3.5 ppm (Figure 2.1). The 95% fiducial
limits were calculated to be 31.78 (lower) and 48.97 (upper). The EC50 concentration of
novaluron was used in subsequent experiments.
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Figure 2.1

2.3.2

Dose response of novaluron on inhibition of egg laying in L. lineolaris

Reciprocal exposure treatment and its effect on egg laying
Freshly eclosed males or females were exposed to EC50 40.4 ppm of novaluron for a period

of 48 hrs and mated with non-treated insects of the opposite sex. Egg-laying was monitored for 7
days post-treatment. In parallel, oviposition was monitored from sets of mating groups in which
both the male and female had been exposed to the EC50 dose of novaluron for 48 hours prior to
being housed together for mating and eventual oviposition. The last treatment group consisted of
males and females that were not treated with novaluron before being combined for mating and
egg-laying. When both sexes in the mating arenas were not treated the average number of eggs
laid per female per day was 6.1 ± 0.6 (Figure 2.2). Interestingly, very low egg-laying (0.007 ±
0.01) was observed when only males were treated and mated with untreated females (Figure 2.2).
No significant difference was recorded between egg-laying of untreated males mated with treated
females (1.1 ± 0.04) compared to egg-laying by treated males and females (0.26 ± 0.46). Thus,
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treatment (either male or female or both) resulted in significantly (p<0.05) reduced egg-laying
compared to untreated groups (Figure 2.2).

Figure 2.2

Effect of reciprocal exposure of males or females or both to novaluron on egg
laying over a period of 7 days.

Data are presented as mean ± SD. Columns with different superscripts are significantly different
at p<0.05.
2.3.3

Histological observation of ovarian tissue
Histological sections of ovarian tissue from females which were exposed to EC50 40.4ppm

of novaluron were compared to untreated ovarian tissue of females (Figure 2.3). While untreated
ovaries showed developing oocytes with well-developed follicular cells, exposure to novaluron
disrupted the ovarian follicular cells (Figure 2.3 A and B). Also, while untreated ovaries showed
normal vitellogenic oocytes, exposure to novaluron resulted in distorted oocytes with disrupted
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vitellogenin sequestration (Figure 2.3 C and D). Among the treated samples, out of 38 sections
visualized about 71% of them showed such distortions, whereas, in the untreated samples, there
were little or no distortions observed. Any distortion that was documented in the untreated samples
was attributed to section artifacts (data not shown).

Figure 2.3

Representative photomicrographs of histological changes in ovaries of L. lineolaris
following treatment with novaluron.

(A) Normal ovarian follicles of untreated control insect showing normal oocyte with distinct
follicular epithelial cells (Fc). (B) Ovarian follicle of insects treated with novaluron showing
degenerated follicular cells (Dfc). (C) Well developed vitellogenic ovariole (VO) of untreated
insect (D) treated insect with disrupted vitellogenic oocyte (DVo). Scale bar = 50 μm.
2.3.4

Chitin content in carcass and ovarian tissue following exposure to novaluron
Chitin content was assayed in carcasses of females exposed to EC50 40.4 ppm of novaluron

as well as untreated females. The carcasses had their ovarian tissue dissected out prior to
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processing for the assay. The ovarian tissues were assayed for chitin content separately. There was
no difference recorded in the chitin content of carcasses of untreated vs treated females (p = 0.96,
Figure 2.4A). On the other hand, chitin content in ovarian tissue from treated females was
significantly lesser than the untreated females (p<0.01, Figure 2.4B).

Figure 2.4

Chitin content in carcass (A) and (B) ovarian tissue of L. lineolaris exposed to
novaluron.

Data are presented as mean ± SEM. Bars with different superscripts are significantly different at
p<0.01.
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2.3.5

Expression analysis of chitin synthase gene (LlCHS-1)
The expression of a Chitin synthase gene (LlCHS-1) was significantly (p<0.002) reduced

in ovarian tissue of females which were exposed to EC50 40.4 ppm of novaluron compared to
ovarian tissue from untreated females (Figure 2.5).

Figure 2.5

Relative expression of a chitin synthase encoding gene (LlCHS-1) in ovarian tissue
of L. lineolaris exposed to novaluron.

Data are presented as mean ± SEM. * = p<0.002.The expression of the target gene was
normalized to the housekeeping gene rpl6 and the fold change between control and treated
groups were calculated using 2-ΔΔCT method.
2.4

Discussion
The current study demonstrates that sub-lethal concentrations of novaluron impacts

oviposition in Lygus lineolaris. Insecticides belonging to the class of chitin synthesis inhibitors
(CSI) have been known to affect eggs and may affect insect fecundity (Acheuk et. al., 2012). In
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general, chitin is a major component of the insect cuticle. It is a straight chain polymer of N-acetylD-glucosamine, linked by β-1-4 bonds. Chitin microfibrils are linked to each other by hydrogen
bonds and are mostly, but not always, arranged in chitin lamellae. They are also linked to
scleroproteins in the cuticle. The enzyme, chitin synthase (CS1A) in the cuticle, transfers N-acetylD-glucosamine molecules to construct the polymer chain. From the chemical standpoint, there are
three groups of CSIs, benzoylphenyl ureas and compounds not related to benzoylphenyl ureas.
Strictly speaking, some of the latter do not inhibit chitin synthesis, but interfere with normal cuticle
deposition. An earlier study (Catchot et al., 2020) demonstrated that 1-day old females exposed to
300 ppm of novaluron, an insect growth regulator or CSI belonging to the benzoylphenyl urea
class, showed inhibition of oviposition as well as egg hatching. In the current study, the focus was
on finding the minimum inhibitory concentration of novaluron which would have a disruptive
effect on oviposition as well as check if similar results could be obtained with this inhibitory
concentration of novaluron as obtained previously (Catchot et al., 2020).
The results of reciprocal exposure to novaluron differ from the results reported earlier
(Catchot et al., 2021) because of the lower concentration of novaluron employed in the current
study and also because in this study egg laying was only recorded over a period of 7 days. Catchot
et. al. reported that novaluron exposure to L. lineolaris adults reduced egg hatch rate and
corresponding nymph production, and this persisted for most of the reproductive life of the
tarnished plant bug (2021). Their results are consistent with other research on L. lineolaris (Catchot
et al., 2020) and are similar to observations in adults of Colorado potato beetle, Leptinotarsa
decemlineata, the house fly, Musca domestica and the mosquito Culex pipiens Linnaeus (Diptera:
Culicidae) when exposed to novaluron (Alyokhin et. al., 2009; Cutler et. al., 2005; Djeghader et.
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al., 2014). Previous laboratory research had shown that when L. lineolaris adults ingested
novaluron 1 d after emergence, oviposition never occurred (Catchot et al., 2020).
Interestingly the histological observations in the current study also indicated that even at
the EC50 concentration of novaluron used, the follicular cells of the oocytes are disrupted which
affects the process of vitellogenin sequestration. It remains to be demonstrated where the chitin
deposition actually occurs in the developing oocyte, if it is indeed in the follicular epithelial cells
of elsewhere. One method to demonstrate this would be to use immunohistochemistry but the
challenge would be to develop custom-made antibodies targeted towards the chitin in developing
ovarian tissue.
In this study a decrease in expression of a gene (LlCHS-1) encoding a chitin synthase
enzyme was also demonstrated to decrease following exposure to novaluron. The L. lineolaris
genome also encodes several putative genes also involved in chitin synthesis (LlCHS-2- LlCHS6), the effect of novaluron on the expression of these genes also deserves to be investigated.
A sublethal dose of chlorfluazuron (a benzoylphenyl urea) topically applied to either sex of fifthinstar larvae of the common cutworm, Spodoptera litura (Noctuidae), reduced the number of eggs
laid per female and the percentage of hatching (Perveen, 2006). The author suggested that treated
males transfer to the female smaller spermatophores with reduced number of eupyrene sperm and
a few apyrene sperm, resulting in reduction of fertilized eggs. A likely mechanism could be at play
in the current study wherein a marked reduction in egg laying was observed on mating of treated
males with untreated females. Another aspect that remains to be investigated is the chitin content
in the eggs laid by treated females.
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Taken together, the result of this study suggests that novaluron inhibits chitin synthesis
which may be required in normal development of ovarioles and oocytes of L. lineolaris and inhibits
oviposition.
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CHAPTER III
TRANSCRIPTOMIC INSIGHTS INTO MECHANISM OF INHIBITION OF OVARIAN
DEVELOPMENT IN LYGUS LINEOLARIS UPON FEEDING ON A
CHROMOSOME SUBSTITUTION LINE OF COTTON
GOSSYPIUM HIRSUTUM L.
3.1

Introduction
Plants have co-evolved along with insects in a manner that is often called an evolutionary

“arms race.” Due to insect herbivory, plants have developed complex defense systems in
accordance with insect pressure. Although there are various systems that plants employ, many of
these systems are similar. Plant structural traits serve as the first line defense to herbivory, which
may include characteristics like thorns, wax layers, trichomes, etc. (War et al., 2012). Plants may
use three main chemically based mechanisms to defend themselves against insect herbivores:
antixenosis, antibiosis, and tolerance (Beck, 1965; Horber, 1980). There are four main groups of
plant chemicals involved in resistance to insect herbivory (Schoonhoven et. al., 1998): nitrogencontaining compounds (such as alkaloids and non-protein amino acids), cyanogenic glycosides
and glucosinolates, terpenoids (such as the terpenes and cardenolides), and phenolics (which
include tannins, lignins, and polyacetates). Some of these are found in a wide range of plant
species (for example, alkaloids and phenolics such as flavonoids and tannins), whereas others,
such as the glucosinolates that are found universally in crucifers and occasionally in other plant
families (Schoonhoven et. al., 1998), have a more restricted distribution. Intracellular wound
40

signaling is another example of plant defense to insect herbivory. Three key examples are the
jasmonate, salicyclic acid, and ethylene pathways.
Defensive components of plant quality may have both direct and indirect effects on the
fecundity of herbivorous insects (Awmack & Leather, 2002). Plant-insect interactions are not just
focused on relationships between plants and the actively feeding insect stage, but some plant
defenses influence overall insect pest density by impacting reproduction either by reducing the
number of eggs laid by the herbivorous insect, impairing embryonic development inside the egg,
or inhibiting ovarian development. Given the potential impact on insect reproduction, there has
been a renewed interest to better understand how plant-based alkaloids, phenolics, lectins,
proteinase inhibitors, and chitinases influence oviposition and fecundity of insects (Awmack &
Leather, 2002; Fürstenberg-Hägg et al., 2013).
Evolutionary differences with regard to the development of defense mechanisms relates to
the variation in selection pressures acting on different plant species. Consequently, even within
the same plant species, phenotypes of resistance can range from fully susceptible to strongly
resistant. This evolution of physical and /or chemical plant traits such as freggo bract, extrafloral
nectaries as a source for sugar, tannins, terpenoids, chrysanthemin, and gossypol which interfere
with the physiology and /or behavior of insects are important factor(s) conferring resistance to
insects in cotton. Wild tetraploid cotton species are sanctuaries of many useful novel genes which
have developed as a result of differential selection pressures during evolution. Many of these
remain unknown and are under-utilized in various cotton breeding programs. It has been reported
that some traits in cotton produce a non-preference response in several non-lepidopteran insect
pests (Wood et al., 2017). TPB utilize extrafloral nectaries as a source of food prior to flowering.
Cotton varieties bred for extrafloral nectariless traits showed some resistance to TPB (Bailey et
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al., 1984; Schuster et. al., 1976). Pubescence, is another important trait, which can impact the
preference and behavior of several insects (Nawab et. al., 2011). Resistance to thrips in Pima cotton
was successfully transferred into Upland cotton through backcrossing or pedigree selections
(Zhang et. al., 2013). G. tomentosum Nutt. ex Seem (AD3) is endemic to the Hawaiian archipelago
(Fryxell, 1979). It is a variety recognized for its insect resistance, and that resistance is partly
caused by high pilosity, heat tolerance, and strong fiber (Fryxell, 1979; Meyer & Meredith, 1978;
Percival, Wendel, & Stewart, 1999; Waghmare et al., 2005). The absence of nectaries in the leaves,
bracts, and extra-floral regions in G. tomentosum contributes to the reduction of certain insect
populations (Lukefahr & Rhyne, 1960). A recent study reported that among five tetraploid cotton
species, G. tomentosum with the pilose trait was the most resistant against thrips, followed by G.
mustelinum Miers ex Watt, G. barbadense, and G. darwinii G. Watt, and Upland cotton was the
most susceptible (Zhang et al., 2013). G. mustelinum (AD4), a native to the semi-arid regions of
northeastern Brazil, has the highest concentrations of the heliocides H1 and H4 and moderately
high levels of gossypol in the leaves (Khan et. al., 1999). Except for gossypol, foliar concentrations
of terpenoid aldehydes in the lysigenous glands were highest in G. mustelinum relative to 30
species representing A, B, C, D, F, G, K, and AD genomic groups of Gossypium (Khan et. al.,
1999). Many of these allochemicals are potentially useful for improving host-plant resistance in
Upland cotton.
Breeders have been long aspired to pyramid the valuable attributes of insect resistance
genes from different species in Upland cotton, and they typically rely on a whole-genome strategy
in conventional breeding methods of interspecific introgression. However, they have limited
success in interspecific introgression using conventional method because of incompatibility at the
whole genome level between the species. Chromosome Substitution (CS) lines can be used as an
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alternative approach to complement conventional pedigreed or population-based interspecific
introgression. A set of CS lines from G. tomentosum (CS-T), G. mustellinum (CS-M) and G.
barbadense (CS-B) in an identical genetic background of Upland Cotton has been developed (Saha
et al., 2012). Each CS line is nearly isogenic to the recurrent parent, TM-1 for 25 chromosome
pairs, and to each other for 24 chromosome pairs except the substituted chromosomes or
chromosome segments. These CS lines provided a genetic tool that could unveil many beneficial
alleles from the wild species in the genetic improvement of Upland cotton (Saha et al., 2012).
Management of the Lygus lineolaris, the Tarnished Plant Bug (TPB), has always been a
very difficult task to the farmers due to the lack of suitable resistance germplasm in Upland cotton
(G. hirsutum L.). Almost 95% of all cotton produced around the world originates from G. hirsutum
because of its improved agronomic characteristics including high yield. G. barbadense is the only
other tetraploid cultivated species, and although it has good fiber quality, the plant only comprises
3-5% of worldwide cotton production.
Initial field and greenhouse screening trials of nine chromosome substitution lines viz: TM1, CSB-18, CST-18, CSM-18, CST-07, CS-BNTN 04-15, CS-MNTN04-15, CST-04-15 and UA48 (cultivar) were conducted in 2017-2018 and 2018-2019 (randomized and in triplicate) for their
resistance to TPB [Note: B represents origination from G. barbadense, T represents origination
from G. tomentosum and M represents origination from G. mustilenum substituted chromosome;
the number represents the specific substituted chromosome or chromosome segment, and the NTN
represents using known translocation stocks in two segments of different specific chromosomes
from alien species having been substituted]. TM-1 is the recurrent parent. The field trials indicated
that the chromosome substitution line CS-T04-15 was significantly tolerant to TPB infestation
among all the other substitution lines tested including the recurrent parent (TM-1) and the local
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cultivar (UA-48) (Anderson et al., 2019). A significant reduction in fecundity of TPB feeding on
bolls and squares of CST-04-15 compared to the isogenic recurrent parent TM-1 was reported
(Anderson et al., 2019). The complex plant-herbivore interface leading to the reduced fecundity is
largely unclear. To uncover the mechanisms underlying the reduced fecundity observed in TPB
upon feeding on the chromosome substitution line CST-04-15, a transcriptomic analysis of ovarian
tissues of female TPB fed on CST-04-15 compared to TM1 was undertaken.
3.2
3.2.1

Materials and methods
Rearing of L. lineolaris
A laboratory colony of TPB established at the Mississippi State University Insect Rearing

Facility in Starkville, MS in 2005 was used in the experiments. The colony was collected from
uncultivated hosts in Mississippi and has had periodic infusions of TPB from similar hosts. The
colony was maintained as described previously (Musser et. al., 2012) at 27°C, 70% relative
humidity with a 16:8 (L: D) cycle. The light cycle was changed to 14:10 (L:D) in 2017. The
colony was fed a semisolid oligidic diet that included 33.6 ppm fumagillin (Musser et. al., 2012).
TPB diet was presented in Parafilm (Pechiney Plastic Packaging, Menasha, WI) packets that
were replaced three times per week (Figure 3.1). Egg packets were made with a 4% carrageenan
solution in a Parafilm packet, and egg packets were changed three times per week. The sexes of
last instar nymphs were separated from each other, and newly emerged adult females (≤ 24 hrs.
old) were used in the experiment.
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Figure 3.1

3.2.2

L. lineolaris nymph container with diet pack

Feeding on cotton bolls from CST-04-15 and TM-1
The line designation is as follows for CST-04-15: T represents origination from G.

tomentosum, and the number represents the specific substituted chromosome or chromosome
segment and TM-1) being grown in the USDA greenhouse facility. Cotton squares and bolls
were taken from cotton plants and transported to the laboratory where they were placed on
water-picks to ensure that they stayed fresh while being fed upon by 5 adult female (1-day old)
TPB per square (Figure 3.2). The TPB were allowed to feed for 72 hrs before their ovaries were
dissected and isolated.
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Figure 3.2

3.2.3

L. lineolaris adult females being fed on cotton bolls and squares in water picks
kept in an incubator at 14hL:10hD and a temperature of 27 °C (80°F).

RNA isolation and integrity assessment
Ovaries was dissected from the insects (n = 30 insects per replicate; 3 replicates) on dry

ice, and RNA was isolated from the ovaries with TriZol (Invitrogen, USA). The pooled ovaries
were placed in a precooled 1.5mL centrifuge tubes containing 0.01M PBS (140 mM NaCl, 2.5
mM KCl, 1.5 mM KH2PO4, 10 mM K2HPO4, pH 7.4). Samples were then quickly centrifuged (600
rpm), the PBS discarded, and a Kimble-Kontes motorized pestle was used to grind the ovary for 2
min (300 rpm). The ground ovarian tissue was mixed with 500 µL Trizol (Invitrogen, USA) and
chilled on ice for 5 min. The sample was mixed with 100 μl chloroform, shaken vigorously for 15
s, placed at room temperature (RT) for 3 min, and centrifuged for 15 min (4◦C, 14,200 x g).
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The supernatant containing RNA was pipetted into a new 1.5 ml centrifuge tube. Next, 250
μl of isopropanol was added to the sample (approximately 1:1), gently shaken for 30 s, and placed
at RT for 20 min. The sample was centrifuged for 15 min (4◦C, 19,300 x g), and the supernatant
was discarded. Pellet was washed twice with 75% ethanol, which was centrifuged for 5 min (4◦C,
12,000 x g). The remaining ethanol was evaporated on an ultra-clean bench for 2 min.The RNA
was treated with 20 units of Takara Recombinant DNase I (Clontech Laboratories Inc., Mountain
View, CA, USA). RNA was further purified by transfer about 100 µl of RNA into 1.5 ml RNAse
and DNAse free tubes. 250µl of 100% ethanol (about 2.5x the RNA volume), was added with 10µl
of 3M Sodium acetate (about 1/10th RNA volume). It was mixed well and put into -20ºC for 2 hrs
at least or overnight. Then the RNA was centrifuged at 19,300 x g for 30 min at 4ºC. The
supernatant was removed, and the pellet washed twice with 75% ethanol. Finally, the pellet was
air-dried for 10-15 min in an ultra-clean bench, and RNA integrity was assessed using agarose gel
electrophoresis and the Agilent Bioanalyzer 2100 using Agilent RNA 6000 Nano kit (Agilent
Technologies, Palo Alto, CA, USA).
3.2.4

Transcriptome sequencing assembly and annotation
About 2 μg RNA sample was purified with poly-T oligonucleotide magnetic beads and

then synthesized by divalent cation in NEB Next® (New England Biolabs, Ipswich, MA, USA)
first Strand Synthesis Reaction Buffer (5X) (Illumina, USA) at high temperature. The cDNA was
pyrolyzed by 5 × reaction buffer at high temperature and synthesized by Hexa base random primer
and M-MuLV reverse transcriptase. The second chain cDNA was synthesized by DNA polymerase
I, dNTPs, and RNase. The Phusion DNA polymerase, universal primer, and Index primer in the
AMP XP kit (Beckman Coulter, USA) were used to purify cDNA products, and the data quality

47

was evaluated with an Agilent Bioanalyzer 2100 system (Agilent Technologies, USA). Using the
NEB Next® RNA kit (Illumina, USA), the sequence library was generated for paired reads for
the Illumina Hiseq platform (Illumina, USA), and paired reads sequencing was performed. Three
independent libraries were prepared.
Through CASAVA (CASAVA 1.8 for RNA-seq) base recognition analysis, the original
image data file was converted to the original sequence, and the results of the sequence were stored
in FASTQ file format including the quality information of the sequence, the statistical data of the
base content distribution and the statistical data of the base error rate, the adapters, poly-N, and
low-quality Reads were deleted, and the contents of Q20, Q30 and GC were calculated. The Clean
Reads data were assembled and spliced with Trinity software for transcripts data (Grabherr et al.,
2011). All raw read data was deposited with Sequence Read Archive (SRA) in the National Center
for Biotechnology Information (NCBI) under BioProject PRJNA280551.
The transcript data were annotated and subject to enrichment analysis. The gene functions
in the Gene Ontology (GO) database were divided into Biological process, Molecular function,
and Cell function. Based on the NCBI data, the euKaryotic Ortholog Group (KOG) database
annotated the lineal homologous gene analysis, and combined with the evolution relationship, the
homologous genes were divided into different homologous families. RSEM (RNA-Sequencing by
Expectation-Maximization) software (RSEM v 1.3.3) was used to quantify gene expression of the
Clean Reads assembly results. The software used the read count of genes converted to FPKM
(Fragments Per Kilobase of transcript per Million mapped reads) values to assess the level of gene
expression in each set of samples. The DESeq2 (Differential gene expression analysis based on
the

negative

binomial

distribution

https://bioconductor.org/packages/release/bioc/html/DESeq2.html version 3.14) method was used
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to test independent statistical hypothesis test for all genes, and the data obtained from the
hypothesis test was corrected P < 0.05. The different genes number and expression level are shown
by the volcano scatter plot.
3.3
3.3.1

Results
RNA integrity
RNA extractions from the 3 pools of 30 ovaries yielded an average of 12 μg of total RNA.

Non-denatured agarose gel electrophoresis and Agilent Bioanalyzer 2100 analysis (with Agilent
RNA 6000 Nano kit) showed one predominant rRNA peak near 0.9 kb, characteristic of 28S rRNA
cleavage and co-migration of the alpha 28 and beta 28 subunits with the 18S rRNA, a phenomena
commonly observed in insect RNA isolations (Figure 3.3).
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Figure 3.3

3.3.2

Agarose gel-electrophoresis of RNA isolated from ovarian tissue of L.lineolaris
and Agilent Bioanalyzer analysis for integrity.

Transcriptome assembly assessment data and gene function annotation
The total raw reads (untrimmed and uncurated) was 65,214,784 with trimmed clean reads

amounting to 55,329,075 (Table 3.1). This ovarian transcriptome called LlOv_transcriptome was
composed of 158,798 transcripts with an N50 (that is the shortest contig length that needs to be
included for covering 50% of the genome) of 1,050 base pairs and a total size of 106.1 Mb
(Table 3.1).
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Table 3.1

Summary statistics of the ovarian transcriptome of Lygus lineolaris.

Total number of raw reads

65,214,784

Total number of trimmed reads (clean)

55,329,075

Total base pairs in assembly

106,102,832

Read length

200 (2 x 200)

Total number of contigs

158,798

Mean length of contigs

667.33

N50 contig length

1,050

Minimum length

203

Maximum length

18,455

A total of 41,243 proteins were predicted (Table 3.2) on the sense strand of the
transcripts. The predicted proteins had a total of 18,391 complete qualifying alignments, whereas
12,660 were predicted from partial alignments (Table 3.2). There were 36,131 proteins with
BlastP searches to the NCBI nr (a protein database for BLAST searches). Of the 2,541 predicted
proteins with a predicted signal peptide, 2,038 proteins were classified as being secreted since
they did not contain transmembrane helices (Table 3.2).
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Table 3.2

Lygus lineolaris Assembly Predicted Protein Annotation Summary.

Predicted Proteins

41,243

Protein Completeness
Complete

18,391

5' partial

7,080

3' partial

5,580

Internal

10,192

Proteins with BlastP Alignments to NR

36,131

Proteins with Pfam Annotations

26,464

Proteins with KEGG Annotations

1,831

Proteins with GO Annotations

19,550

GO Biological Process terms

13,886

GO Molecular Function terms

28,981

GO Cellular Component terms

6,354

Proteins with SignalP

2,541

Proteins with SignalP w/o TMHMM

2,038

The LlOv_transcriptome had a CEGMA (Core Eukaryotic Genes Mapping Approach)
completeness of 93.32% for complete proteins and 97.18% when including partial proteins,
which is comparable to other insects (Table 3.3).
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Table 3.3

Core Eukaryotic Genes Mapping Approach (CEGMA) completeness report
summary

Number of

Number of

TSA assemblies

complete protein

% Complete

partial protein

% partial

Lygus hesperus

239

96.37

242

97.58

Lygus lineolaris

231

93.32

241

97.18

Acrythosiphon pisum

230

92.74

243

97.98

Drosophila melanogaster

241

97.18

245

98.79

Tribolium castaneum

220

88.71

293

96.37

Genome assemblies

The genes annotated with Gene Ontology (GO) functional annotation were divided into
three major functional categories: Biological process, Cellular component and Molecular
Function each with the top 10 categories. (Figure 3.4). The number of genes involved in cellular
metabolic processes and reproductive processes were the highest GO categories in Biological
processes (Figure 3.4) whereas for the Cellular component the top GO categories of genes was
intracellular and cell. The secondary class of Molecular Functions indicated highest number of
genes involved with binding and catalytic function (Figure 3.4).
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Figure 3.4

Gene ontology (GO) functional analysis

GO functional annotation of 27,156 genes was obtained and they were divided into three classes
(top ten shown): clustered in 26 (Biological process), 20 (Cellular component) and 10 (Molecular
Function) secondary classes
While the Kyoto Encyclopedia of Genes and Genomes (KEGG) functional enrichment
can reflect the participation of the body in various metabolic pathways, a functional enrichment
euKaryotic Ortholog Group (KOG), a database of molecular functions represented in terms of
functional orthologs, was performed which divided into 26 categories and included 9,713 genes
that were annotated. Of these genes, over 1,000 genes were involved in three categories: General
Function Prediction Only, Signal Transduction Mechanisms, and Posttranslational Modification,
Protein Turnover, Chaperones. (Figure 3.5).
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Figure 3.5

EuKaryotic Orthologous Groups (KOG) annotation

The functional enrichment of KOG was divided into 26 groups. The total number of annotated
genes was 9,713, among which there were more than 1000 general functional annotated genes
including General function prediction only, Signal transduction mechanisms, and
Posttranslational modification, protein turnover, chaperones etc.

3.3.3

Transcriptome of differentially expressed genes

In the TPB (L. lineolaris), the numbers of differentially expressed genes (DEGs) in the ovaries of
the bugs feeding on CST-04-15 vs the recurrent backcrossed parent TM-1 included 8,758 genes of
which 4,947 were up-regulated and 3, 811 were down-regulated (Figure 3.6). The data has been
represented as a Volcano scatter plot with statistical significance of the differentially expressed
gene (on y-axis) vs fold change (magnitude) on the x-axis (Figure 3.6).
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Figure 3.6

Differential expression of genes (DEGs) in ovaries of TPB fed on CST-04-15 and
TM-1

A total of 8,758 DEGs including 4,947 up-regulated and 3,811 down-regulated unigenes were
identified in ovarian tissue of TPB feeding on CST-04-15 compared with feeding on TM-1.
3.3.4

Enrichment of DEGs
The KEGG pathway analysis of upregulated genes showed that a large number of ovarian

DEGs are involved in Ubiquitin Mediated Proteolysis (94 genes) in TPB of CST-04-15 vs TM1
fed groups. The top 20 representatives of KEGG pathway genes have been depicted. Also, genes
involved in Chitinase-like activity (44 genes), Chitin deacetylase-like activity (38 genes),
glycosaminoglycan degradation (34 genes), Calcium ion binding (53 genes) were found to be
significantly represented in the upregulated genes (Figure 3.7).
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Figure 3.7

KEGG pathway analysis of upregulated genes in ovarian tissues of L. lineolaris
feeding on CST-04-15 vs TM-1

Among the down-regulated ovarian DEGs, Sequence-specific DNA binding genes (63)
were well represented, whereas those genes involved in COP1 pathway of vesicular protein
trafficking were less well represented (3) (Figure 3.8). Interestingly, there were around 20 genes
that were involved in the endomembrane system that were down-regulated.
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Figure 3.8

KEGG pathway analysis of downregulated genes in ovarian tissues of L. lineolaris
feeding on CST-04-15 vs TM-1.

GO enrichment analysis of DEGs revealed 4 chitinase and 1 chitin deacetylase genes were
up-regulated in ovaries of TPB feeding on CST-04-15 vs TM-1. Importantly, around 26 genes
involved in DNA-integration were significantly up-regulated in DEGs of ovaries of TPB feeding
on CST-04-15 vs TM-1 (Figure 3.9A).
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Figure 3.9

GO enrichment analysis of DEGs in ovarian tissue of TPB feeding on CST-04-15
vs TM-1

Chitin binding and chitin metabolic processes were among the most significantly enriched
pathways according to GO analyses. A: Genes encoding enzymes involved in the chitin
biosynthesis pathway were potentially affected in ovarian tissue of TPB feeding on CST-04-15
while several genes presumably encoding cuticular proteins were down-regulated. B: In ovarian
tissue of TPB feeding on TM-1, the chitin-binding genes were significantly downregulated
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indicating that the pathway of chitin metabolism and biosynthesis remains unaffected. There are
three broad groups of insect proteins associated with chitin-binding ability.
Genes involved in Chitin metabolic processes were significantly down-regulated in TPB
feeding on CST-04-15 vs TM1 (Figure 3.9A). These included glycogen phosphorylase,
phosphoglucomutase, trehalose-6-phosphate synthase, Trehalase (Treh), Hexokinase (Hexo),
Glucose-6-phosphate isomerase (G6pi), Glutamine: fructose-6-P aminotransferase (Gfat),
Glucosamine-6-phosphate N-acetyltransferase (GNA), Phosphoacetylglucosamine mutase
(Pagm), UDP-GlcNAc pyrophosphorylase (UAP), Chitin synthase 1 (CHS1), and GlcNAc-6phosphate deacetylase.
In the case of ovaries of TM-1, there was a significant up-regulation of genes involved in
serine-type carboxypeptidase and carboxypeptidase activity (19 genes), whereas a downregulation of chitin-binding protein-encoding genes (15) was recorded (Figure 3.9B). Feeding on
TM-1 is associated with the second broad group containing amino acid sequence motif known as
“peritrophin A” motif because the group is extracted from the peritrophic matrix and cuticleforming tissues. This group also includes chitinases, chitin deacetylases, and a protease which are
involved in chitin degradation. Down-regulation of chitin-binding proteins results in chitin
remaining unaffected (Tellam et. al., 1999).
3.4

Discussion
The molecular mechanisms underlying the phenomenon of reduced fecundity in L.

lineolaris females when fed on the Cotton substitution line CST-04-15 compared to the recurrent
back-crossed parent TM-1 were explored using a transcriptomic (RNA-seq) analysis followed by
DEG analysis. The previous data (Anderson et al., 2019) indicated that CST-04-15 shows relative
resistance to pest-pressure caused by Aphids (Aphis gossypium) and TPB (L. lineolaris) (Figure
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A.1). Additionally, TPB fed on cotton squares and bolls of CST-04-15 in the laboratory showed
significantly reduced fecundity and hatching (Figure A.2) when compared to those fed on TM-1.
The transcriptomic analysis of the ovaries of TPB fed on CST-04-15 vs TM-1 provides
biological insights into the mechanisms leading to reduced fecundity in this mirid bug when
feeding on a resistant chromosome substitution line of cotton. Functional annotation of the DEGs
led to the identification of potential functional genes associated with ovarian development in TPB.
KEGG and GO enrichment showed that many genes are related to proteolytic activities, signal
transduction, and catalytic activity (Figures 3.7, 3.8 and 3.9). To identify if the chitin biosynthesis,
chitin degradation and modification, and cuticle proteins respond to feeding on CST-04-15, the
expression levels of correlative genes were screened. The genes encoding important enzymes
involved

in

the

chitin

biosynthetic

pathway,

including

glycogen

phosphorylase,

phosphoglucomutase, trehalose-6-phosphate synthase, trehalase (Treh), hexokinase (Hexo),
glucose-6-phosphate isomerase (G6pi), glutamine: fructose-6-P aminotransferase (Gfat),
glucosamine-6-phosphate N-acetyltransferase (GNA), phosphoacetylglucosamine mutase (Pagm),
UDP-GlcNAc pyrophosphorylase (UAP), chitin synthase 1 (CHS1), and GlcNAc-6-phosphate
deacetylase, were all affected in ovaries after feeding by TPB on CST-04-15. For the genes
possibly involved in the chitin degradation and modification pathway, 4 chitinases and 1 chitin
deacetylase were up-regulated, while 1 chitin binding peritrophin-A was down-regulated after
feeding on CST-04-15 vs TM-1. Notably, numerous genes encoding cuticle proteins were
substantially down-regulated in ovaries of L. lineolaris feeding on CST-04-15. The transcription
levels of most genes involved in chitin biosynthesis were affected by CST-04-15, moreover,
numerous genes involved in chitin degradation and modification and cuticle proteins in L.
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lineolaris ovaries varied in response to feeding on CST-04-15 compared to TM-1(Figure 3.9A
and B).
The up-regulation of genes involved in chitin degradation pathways in ovaries of L.
lineolaris feeding on CST-04-15 could be due to either activation of insect chitinase or by the
action of plant chitinase. Interestingly a number of genes involved in DNA-integration were upregulated i.e. possible transcription factors involved in regulating expression of chitinases by
binding to promoter regions were recorded (Figure 3.9A). Chitinases have been a part of the
plant’s defensive strategies to combat insect herbivory for a long time. A chitinase isolated from
cowpea (Vigna unguiculata) was shown to negatively impact the development of the larval cowpea
weevil, Callosobruchus maculatus (Gomes et. al., 1996). Overexpression of chitinase genes led to
the reduction of growth and plant damage from tobacco budworm, Heliothis virescens (Ding et
al., 1998). Another study was conducted that illustrated that endochitinases and chitobiosidases
reduced growth and development of larval Trichoplusia ni, and reduced survivability in Myzus
persicae, Bemisia argentifolii, and Hypothenemus hampai. It was shown that the endochitinases,
in particular, resulted in dramatic reduction in survivability post ingestion in Bemisia argentifolii
(Broadway et al., 1998). Plant roots with high induced chitinase activity were more resistant to
insect herbivory from the root weevil, Diaprepes abbreviatus (Gooday, 1999). Extracts from the
roots were shown to degrade the peritrophic membrane, and roots with stronger resistance had
more degradation of the peritrophic membrane (Gooday, 1999). It was also shown that plant
chitinases can delay the development of insects in the larval stage, for example win6 plant chitinase
retarding the colorado potato beetle, Leptinotarsa decemlineata (Lawrence & Novak, 2006). The
use of transgenic crops overexpressing chitinases has been a proven method of resistance against
insect herbivory (Fürstenberg-Hägg et al., 2013). For example, the corn borer, Sesamia cretica,
62

was reared on transgenic maize leading to low survivability and noticeable morphological
differences. The resistance to insect herbivory is caused by the capacity to degrade the linear
polymer of chitin with β-1,4-linked N-acetylglucosamines, a vital part of insect cuticle as well as
peritrophic membrane (Osman et al., 2015). Chitinase was shown to be included in the seed coat
of soybeans and toxic to the cow pea seed beetle, Callosobruchus maculatus (Silva et al., 2018).
The chitinase in the seed coat was shown to reduce larvae survival by approximately 77% however
the exact mechanism is not clear. The chitinase in the seed coat is theorized to damage the
peritrophic matrix following ingestion (Silva et al., 2018). An RNA-seq was conducted on eight
poplar clones and when insect herbivory occurred gene expression overall was up-regulated. An
example of this is the plant-specific class I chitinases being up-regulated in response to insect
herbivory which represents a defensive mechanism against insects (Müller et. al., 2019).
Chitin is a linear polymer composed of β (1→4) linked N-acetyl-D-glucosamine
(GlcNAc,2-acetamido-2-deoxy-D-glucopyranose) (Roberts, 1992). Chitin biosynthesis in living
organisms takes place in three steps: in the first step, chitin synthase promotes the polymerization
of GlcNAc in the presence of divalent cations (e.g. Mg2+) as co-factors, which forms the polymer
chain; in the second step, the native chitin chain is translocated across the membrane and released
into the extracellular space; in the third step, the chitin polymer chains are assembled to form
crystalline micro-fibrils/nanocrystals (Merzendorfer, 2006). Subsequently, this nano-crystals
cluster into the chitin-protein fiber, creating a network of chitin fibrils with interspaces filled with
pigments, nano-sized inorganic compounds, and other substances (Merzendorfer, 2006). In
insects, polysaccharide chitin is present in the larval, pupal and adult integument, and in the
peritrophic matrix of the midgut (Arakane et al., 2005; Merzendorfer & Zimoch, 2003; Moussian
et. al., 2005; Roberts, 1992). In addition, chitin has been detected in the serosal cuticle of the
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mosquitoes Aedes hexodontus, Ae. aegypti, Anopheles gambiae and the beetle Tribolium
castaneum (Beckel, 2011; Goltsev et al., 2009; Jacobs et. al., 2013; Rezende et al., 2008). It was
also reported that a chitin-like component is present in eggshells, eggs and ovaries of Ae. aegypti
and the serosal cuticle of both An. aquasalis and Culex quinquefasciatus (Moreira et al., 2007).
Hence, chitin is a critical component of not only the arthropod cuticular exoskeleton and
peritrophic matrix of the gut but can also be an important component of eggs and developing
ovaries (B. D. Catchot et al., 2021).
It has been suggested that the follicular epithelium of the developing oocyte in ovarian
tissue might have an important role in the chitin synthesis process (Mansur et al., 2010) since it is
known to be an active tissue in the synthesis and transport of yolk and non-yolk proteins to the
developing oocytes (Huebner & Anderson, 1972; W. K. Ma & Ramaswamy, 1987). Vitellogenins
are glycoproteins that are synthesized in the fat body and then transported and sequestered into the
developing egg (Swevers et. al., 2005). These are transported to the ovaries via the hemolymph
and provide nutrients to the developing oocyte. Inhibition of chitin sequestration in the follicular
epithelium of ovaries due to feeding on host plants could specifically affect vitellogenin deposition
and hence reduce nutritional supplies to developing oocytes. This could result in the cessation of
the process of oogenesis and eventually reduced fecundity.
Taken together, the transcriptome analysis of ovarian tissue of L. lineolaris feeding on
CST-04-15 (resistant) compared to TM-1 (Check), showed an overall downregulation of genes
involved in chitin biosynthesis as well as an up-regulation of genes involved in chitin degradation
as noted in ovaries of CST-04-15 fed groups. This DEG analysis reveals a possible mechanism
underlying the reduction in fecundity observed in TPB feeding of CST-04-15 vs TM-1. Future
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studies will focus on validating the expression of genes as well as a functional analysis of the genes
using RNAi interrogation techniques.
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CHAPTER IV
CONCLUSION AND FUTURE DIRECTIONS
4.1

Conclusions
The main objective of this study was to investigate the effect of novaluron and host plants

on the reproductive physiology of the tarnished plant bug (TPB) Lygus lineolaris. To achieve
this goal, an initial dose-response study, monitoring TPB oviposition, was conducted. The EC50
of novaluron on one-day-old adult TPB females was determined to be 40.4 ± 3.5 ppm with 95%
fiducial limits calculated to be 31.78 (lower) and 48.97 (upper). Using this EC50 value, reciprocal
treatments were conducted illustrating a significantly reduced egg-laying when either males or
females are treated. Furthermore, at this EC50 value, 71% of histological sections of treated
female ovaries showed some form of distortion while no distortion was seen in untreated female
ovaries. The chitin content of treated female carcasses showed no difference from the untreated
female carcasses. However, the chitin content in treated female ovaries was significantly less
than the untreated female ovaries. To further understand the cause of this reduction, the
expression of a gene encoding chitin synthase (LlCHS-1) was analyzed, using the housekeeping
gene rpl6 to normalize the data. Using the EC50 value, treated female ovaries had significantly
reduced expression of LlCHS-1 than untreated female ovaries. This suggests that novaluron, at
40.4 ppm, reduces expression of chitin synthase gene (LlCHS-1) that has a role in distortion of
ovarian tissue and ultimately reduced egg laying.

70

Host plant impact on reproductive physiology was also investigated. Transcriptomic
analysis on TPB female ovaries exposed to a resistant CS line, CST-04-15, was conducted and
compared to a susceptible CS line, TM-1. This analysis resulted in Gene Ontology, GO,
annotation of 27,156 genes divided into three categories, biological process, cellular component,
and molecular function. Functional enrichment, euKaryotic Ortholog Group (KOG), divided
9,713 genes into 26 different categories with 1,000 genes associated with general function, signal
transduction mechanisms, and posttranslational modification, protein turnover, and chaperones.
There were 8,758 differentially expressed genes with 4,947 being up-regulated and 3,811 being
down-regulated. From these 8,758 differentially expressed genes, 44 chitinase-like activity
genes, 38 chitin deacetylase-like activity genes, 34 glycosaminoglycan degradation genes, and 53
calcium ion binding genes were upregulated in TPB females fed on CST-04-15 compared to
those that fed on TM-1. Furthermore, 4 chitinase, 1 chitin deacetylase, and 26 DNA-integration
genes were upregulated when female TPB fed on CST-04-15 compared to TM-1. It is possible
that genes associated with DNA-integration could be transcription factors involved in regulating
genes associated with chitin degradative processes. On the other hand, gene involved in chitin
metabolic processes, such as glycogen phosphorylase, Glucosamine-6-phosphate Nacetyltransferase, and chitin synthase 1, which were down-regulated.
Taken together, the results embodied in this thesis indicate that novaluron causes reduced
expression of LlCHS-1 possibly leading to the observed distortion of ovarian tissue and
downstream reduced fecundity. The ovaries of female TPB fed on CST-04-15 showed a
downregulation of genes involved in chitin biosynthesis, such as chitin synthase 1, while also
showing upregulation in genes associated with chitin degradation. The upregulation of chitin
degrading genes may be the result of the activation of insect chitinases or the action of plant
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chitinases or transcription factors triggered by plant feeding promoting chitin degradative
pathways. The transcriptomic analysis reveals possible inhibition of chitin biosynthesis while
also revealing possible chitin degradation. This illustrates a possible mechanism responsible for
the reduced fecundity observed in TPB females fed on CST-04-15 compared to those fed on TM1.
4.2

Future directions
Future studies on novaluron should be targeted to investigating the effects of novaluron

on other putative genes involved in chitin metabolic pathways in TPB. Importantly, it is essential
to develop antibodies against TPB chitin and localize and confirm its presence in ovarian tissue
and precisely pinpoint its role in oocyte development using immunohistochemistry. Another
additional strategy would be to conduct a differential gene expression analysis of ovarian tissues
from insects exposed to novaluron vs non-treated ones. This will likely yield important data on
specific genes and pathways affected by novaluron treatment. With regard to the work on
chromosome substitution lines, future work should focus on validating the transcriptomic data.
This will be accomplished using quantitative verification with gene expression analysis. Upon
completion, RNAi strategies may be used to knock-down specific genes to understand the
functional relevance they may have in the ovarian development of TPB. The challenge to the
latter strategy would be that since chitin is also involved in cuticular development, any RNAi
directed against specific genes involved in chitin synthesis in ovarian tissue would also result in
developmental disorders in the insect.
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SUPPLEMENTARY DATA
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A.1

Supplementary figures

Figure A.1

Resistance to Lygus lineolaris and Aphis gossypium

A field level study was conducted at Mississippi State University along with USDA, Starkville in
2019 to screen Cotton substitution lines for resistance to the tarnished plant bug Lygus lineolaris
and Aphids (Aphis gossypii). The field level study consisted of visually observing pest pressure
(specifically observing for TPB and aphids) on the square and tender bolls as well as leaves of
the CS lines tested: TM-1, CST 04-15, CST 04, CST-15sh. The gradation (best to worst) in
resistance based on this data was: CST-04-15>CST-04>CST-15sh>TM-1
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Figure A.2

Oviposition and hatching of Lygus lineolaris eggs after feeding on chromosome
substitution lines of cotton.

The oviposition (A) and hatching (B) of Lygus lineolaris fed on CST-04-15, TM-1 and UA-48 (a
local cultivar) was recorded over a period of 15 days. Data are represented as mean ± SD. L.
lineolaris feeding on CST-04-15 showed significantly (* =p<0.05) reduced fecundity and
hatching compared to those fed on TM-1 and UA-48 cotton lines.
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